The control of the in vivo vascularization of engineered tissue substitutes is essential in order to obtain either a rapid induction or a complete inhibition of the process (e.g. in muscles and hyaline-cartilage, respectively). Among the several polymers available, Elastin-Like Recombinamers (ELRs)-based hydrogel stands out as a promising material for tissue engineering thanks to its viscoelastic properties, non-toxicity, and non-immunogenicity. In this study, we aimed to modulate the high angiogenic potential of adipose tissue-derived stromal vascular fraction (SVF) cells, predominantly composed of endothelial/mural and mesenchymal cells, by simply varying the cell adhesion properties of ELRs-hydrogels. Human SVF cells, embedded in RGD-REDVbioactivated or unmodified ELRs-hydrogels, were implanted in rat subcutaneous pockets either immediately or upon 5-day-culture in perfusion-bioreactors. Perfusionbased culture enhanced the endothelial cell cord-like-organization and the release of pro-angiogenic factors in functionalized constructs. While in vivo vascularization and host cell infiltration within the bioactivated gels were highly enhanced, the two processes were strongly inhibited in non-functionalized hydrogels up to 28 days. ELRsbased hydrogels showed a great potential to determine the successful integration of engineered substitutes thanks to their capacity to finely control the angiogenic/inflammation process at the recipient site, even in presence of SVF cells.
Introduction
The in vitro generation of functional living engineered tissue substitutes (e.g. cartilage, myocardium) [1] [2] has significantly progressed in the past years starting by choosing a suitable biomaterial and competent cell source. Nevertheless, it is essential to control the process of angiogenesis and host response at the recipient site to ensure the functionality and survival of the engineered graft [3, 4] . In this regard, many aspects need to be controlled according to specific purposes. For instance, the material degradation-rate needs to fit the envisioned application, allowing the desired ingrowth of host cells and extracellular matrix deposition (ECM) [3] . Furthermore, the prompt in vivo induction of angiogenesis is often mandatory (e.g. myocardium) [5] , whereas other tissues retain their function upon implantation only if their avascular nature is preserved in healthy condition (e.g. hyaline cartilage, cardiac valve substitute) [6] [7] [8] . Biomaterials alone could block or promote angiogenesis via functionalization, architecture, or composition [9] . Synthetic or natural, inert or bioactive polymers can indeed be used not only to merely provide mechanical support but also to induce regeneration in the damaged tissues [10] . Therefore, when generating an engineered substitute, the selection of the biomaterial is crucial as it needs to fit with the targeted tissue and it has to be able to modulate the in vivo angiogenesis and the host interaction at the recipient site.
To induce angiogenesis, the delivery of relevant pro-angiogenic factors [5, 11] as well as of progenitor or mature endothelial cells is often used [5] . Mesenchymal stromal cells have been largely used in many clinical applications for regenerative/repair purposes, thanks to their capability to release a broad range of factors (e.g. proangiogenic, anti-inflammatory) [12] [13] and to differentiate into functional cells (e.g. chondrocyte or osteocytes, cardiomyocyte) [14] [15] [16] [17] [18] [19] . In this study, we rely on the adipose tissue-derived stromal vascular fraction (SVF), which is known to be inherently composed of a heterogeneous cell population, consisting of the key cell types (as mesenchymal and endothelial/mural progenitor cells), capable of driving important paracrine-mediated cellular processes (e.g. angiogenesis, inflammation) [20] [21] [22] .
The use of bioactive or inert hydrogel to deliver cells might totally change their paracrine effects and capability to directly interact with the host tissue. Among the recently developed hydrogels, those based on Elastin-Like Recombinamers (ELRs) stand out for their non-toxicity, non-immunogenicity, mechanical stiffness in the range of 1-10 kPa [23] , and the functionalization possibility [24] , offering a versatile celldelivery platform for multiple tissue regeneration purposes. Moreover, the elastin integration in engineered tissues (e.g. heart valves, myocardium, skin, hyaline cartilage) is relevant for their regeneration, since it is one of the key ECM components and its production usually decreases during adulthood [25] . In this work, we focus on investigating how the ELR-based hydrogels, in their inert or bioactivated form, could modulate the in vitro and in vivo angiogenic potential of human SVF cells. In particular, we hypothesized that the ELRs bioactivation, through the inclusion of functional RGD and REDV sequences, would promote cell adhesion and enhance the SVF response in terms of in vitro angiogenic factor release and endothelial cell organization, also improving the in vivo angiogenic potential and integration with the host tissue.
In addition, since it has been demonstrated that perfusion-based 3D culture ensured the reproducible generation of functional engineered tissues of several millimeters of thickness [26] and promoted the in vitro prevascularization [27] , we also aimed to compare the effects of the dynamic culture on the formation of endothelial cord-like structures compared to static condition. Adipose tissue was minced and digested with 0.075% type II collagenase (355 U/mg, Worthington, USA) in phosphate buffered saline (PBS, Invitrogen) at 37°C for 60 minutes. After centrifugation at 1500 rpm for 10 minutes, the floating lipid layer was discarded and the cell pellet was strained through a 100 µm and then a 70 µm nylonmesh to remove fibrous debris. Next the SVF cell pellet was resuspended in growth medium consisting of DMEM high glucose (Sigma-Aldrich), 10% (v/v) Fetal Bovine Serum (FBS, HyClone), 1% (v/v) penicillin/streptomycin, 1% (v/v) glutamine, and 1% (v/v) hepes. SVF cells were frozen in 10% dimethyl sulfoxide (DMSO), 90% FBS medium and stored in liquid nitrogen.
Preparation of ELR -based constructs
The ELRs employed in this work were previously described and characterized [23; 29] .
Briefly, all steps were carefully performed under sterile conditions. ELR (Technical Proteins Nanobiotechnology) VKV-Cyclo, VKV-N3, and RGD6 Ciclo and REDV-N3, carrying general cell adhesion sequences (Arg-Gly-Asp, RGD) or specific endothelial cell adhesion sequences (Arg-Glu-Asp-Val, REDV) were dissolved in 4°C PBS at a concentration of 50 mg/ml and kept at 4°C overnight. It is important to mention that REDV-N3 possess sequences with sensitiveness to elastases (Val-Gly-Val-Ala-ProGly, VGVAPG) which will be crucial for further cell infiltration and material colonization [28] . Not functionalized (NF) hydrogels with a closed structure and RGD-REDVfunctionalized (RR) gels were at 4°C, while the NF scaffolds with an open structure were produced at room temperature, as will be described in the mechanical properties section SVF-cells were thawed and added to the azide component at a concentration of 2.2 x10 6 cells per construct. Both components were mixed and rapidly pipetted in sterile teflon ring molds (12 mm inner diameter) with an underlying sterile filter paper. A total volume of 150 µl were used per construct, resulting after polymerization in a disc of 12 mm diameter and 1.1 mm for RR and NF open, and 0.9 mm thickness for NF closed structure hydrogels. Since the total volume used for the generation of the hydrogels was always the same, the difference in the thickness was mainly caused by the open versus the closed structure. Slow polymerization was achieved by keeping the constructs on ice for 15 minutes and at room temperature for another 15 minutes.
Growth medium was added and the constructs were placed in the incubator for 15 minutes. To allow the direct perfusion of culture medium throughout the construct in the dynamic condition, channels were realized at the center of the disc-shaped cellbased hydrogels. An array of 4x4 channels (channel diameter 0.5 mm; distance among channels from wall to wall 1 mm) was punched by a custom-made device that ensures symmetrically aligned, uniform perfusion channels. In order to avoid any damage during the production process, hydrogels were formed on the top of a paper filter, which simplified the handling and the punching of the samples. The cell-based constructs were then placed between two silicone O-rings and transferred into perfusion-based bioreactors (available from Cellec AG, Switzerland) [30] . Unidirectional perfusion of growth medium was forced mainly through the previously punched channel array by a peristaltic pump (Ismatec SA, Reglo Digital MS-4/8) at a flow rate of 0.15 mL/min for 5 days. Channeled cell-based hydrogel discs were cultured in static condition as control.
Culture was performed in incubators at 37° C and 5% of CO2. Rats were anesthetized by inhalation using a mixture of oxygen (0.6 L/min) and Isoflurane (1.5-3 vol%). Four constructs per animal were inserted in subcutaneous pockets created in the back of male nude rats (Hsd: RH-rnu/rnu, Envigo, weight 252±16 g; 8 up to 12 animals were used per time point). NF-ELR or RR-ELR hydrogels were implanted right after cell encapsulation (not pre-cultured, NPC) or following culture in perfusion to assess the effect of dynamic pre-culture (PC) on the SVF angiogenic potential. Cell-free NF and RR-gels were used as control. After 3, 14 or 28 days upon implantation, rats were anesthetized by intraperitoneal injection of a mixture of Ketamine (100 mg/Kg) and Xylazin (10 mg/Kg) and sacrificed by exsanguination under the same anesthesia conditions as already described. The constructs were collected and embedded in OCT compound (Sakura Finetek, Torrance), and frozen in isopentane fumes cooled in liquid nitrogen. Preliminary results showed no difference in terms of vessel ingrowth, degradation of the constructs between samples implanted in the same animal from only one experimental group or two different experimental groups. Therefore, in the following experiments two samples from two different experimental conditions from the same donor were implanted in the same animal.
Analysis

Flow Cytometry
The characterization of freshly isolated SVF cells from three donors was performed by 
Histology
For histological analysis, all samples were fixed with 1% paraformaldehyde at 4°C for about 18 hours followed by a treatment with 30% sucrose solution overnight. Cell nuclei were stained with DAPI (Invitrogen).
For human ALU in situ hybridization, cryosections were digested with pepsin (0.5 mg/mL 0.01N HCL, Sigma) at 37°C for 10 min, washed with PBS, and incubated at room temperature for 10 min in 0.1 mol TEAC (triethanolamine containing acetic acid).
The sections were incubated for 30 min at 42°C in pre-hybridization solution (consisting of 20% SSC (trisodium-citrate-2-hydrate, pH 7), Denhardt's solution 1% (ficoll, polyvinylpyrrolidone and BSA solution in distilled water), 10% dextransulfate, 1% salmon sperm DNA, 50% deionized formamide and 18% distilled water). The slides were incubated with ALU probe (Microsynth, 200 ng/mL) and denatured at 95°C for 3 min, and incubated overnight at 42°C. Sections were equilibrated with DIG-1 buffer at RT for 1 min (maleic acid and NaCl, pH 7.5) and blocked with 1% blocking reagent for 15 min at RT. Anti-digoxygenin staining was performed for 1 hour at RT (Roche).
Successive washes with DIG-2 (DIG-1 buffer with 0.3% Tween 20) and DIG-3 (Tris HCl, NaCl, and MgCl2, pH 9.5) were performed. The sections were finally incubated with NBT/BICP for 10 min, and the reaction was stopped with distilled water.
All images were acquired with Olympus BX63 fluorescent microscope (Olympus)
Scanning Electron Microscopy (SEM).
Structure and morphology of hydrogels and engineered tissues were evaluated using a scanning electron microscope (Nova NanoSEM 230, FEI). Constructs were fixed overnight in 2.5% glutaraldehyde in PBS, rinsed twice with distilled water and then passed in increasing ethanol solutions (30, 50, 70 , 90 and 2x100% EtOH) for a minimum of 15-30 minutes per step. Samples were then lyophilized, sputtered with gold and then observed at an operating voltage of 15 kV.
DNA quantification
Samples were digested overnight at 57°C in proteinase K solution (1 mg/mL proteinase K, 50 mM TRIS, 1mM EDTA, 1mM iodoacetamide, and 10 mg/mL pepstatin-A; SigmaAldrich) in double distilled water or potassium phosphate buffer. CyQUANT® Cell Proliferation Assay kit (Invitrogen) was used to quantify the DNA according to the manufacturer's protocol. The fluorescence was measured by using the excitation and emission wavelengths of 485 and 583, respectively, and a SpectraMax Gemini XS Microplate Spectrofuorometer (Molecular Devices). Samples were tested in duplicate for two donors for all the experimental groups.
Angiogenesis array and Elisa assay
A human angiogenesis proteome profiler antibody array (R&D Systems, Inc.) was employed to assess the release of a broad range of angiogenic related factors released in supernatants of SVF cell-based RR, NF with an open or closed structure ELR constructs. Each spot boundary area was quantified by measuring the sum of the pixel intensities using ImageJ 1.47 software (Research Service Branch, NIH). Raw data from the proteome profile were presented as fold of increase of RR-and the NF-ELR groups. In particular, ratios of NF and RR or RR and NF were calculated and only the values > 2-fold increase were considered and presented as percentages. The raw data of the proteomic profiler were also presented. The ELISA and array data were all normalized to the background and to the DNA amount. Samples were tested in duplicate for two donors.
The amounts of human Vascular Endothelial Growth Factor (VEGF) in either NF
with an open and closed architecture or RR-based ELR hydrogels were measured in constructs and supernatants collected after 5 days in perfusion-based bioreactors by using ELISA kits (hVEGF: DuoSet DY293B-05, R&D Systems according to manufacturer's instructions).
Image Analysis
Image analysis was performed by using (Image J, NIH) on 6 standardized field areas, with 3 fields acquired near the perfusion channels and in the middle of two perfusion channels (at 0.5 mm from the channel wall). Of those three fields, one was chosen at the bottom (in contact with the filter paper), one at the center and one at the top of at least three constructs per donor and per experimental group. The analyzed field in proportion to the whole sample area was about one-third of the total construct thickness. Images were acquired by using a 20x objective.
The spatial cell distribution was calculated as the number of DAPI-positive nuclei normalized by the area of the analyzed field.
The in vitro endothelial organization was assessed by counting the number of CD31 + cells either organized in elongated structures, resembling cord-like structures, or forming spot-like aggregates.
In vivo vessel length density (VLD) was quantified by measuring the length of the blood vessels normalized by the area of the image field.
All analyses were performed at least in two different biological samples in two independent experiments for the two donors used.
Percentage of void calculation
The void within the generated hydrogels was estimated by using the following equation [Zeng, 1999; Martin, 2009 ]:
Void (%) = ((W1 -W2) / ρwater) x 100 / Vhydrogel where W1 and W2 are the weight of the swollen and lyophilized gels, respectively, ρwater is the density of pure water and Vhydrogel is the volume of the wet gel (Vhydrogel =πr 2 h, where r and h are the radius and height of the cylindrical sample, respectively). Five samples of each kind of hydrogel were measured blotted dry on paper tissue to remove the excess of surface water before each measurement.
Mechanical properties
Solutions of the ELR-Cyclo and ELR-N3 were prepared in PBS (50 mg/mL and with a molar ratio of 1:1) and kept at 4 °C for at least 24 h. NF closed and RR gels were obtained by simply mixing 300 µL of each solutions (ELR-Cyclo and ELR-N3) at 4 °C inside the appropriate mold (diameter: 12 mm; height: 2 mm). After 15 minutes at 4 °C, the gels were removed from the mold and kept in PBS at r.t. for 15 minutes. Then rheological tests were performed. NF open gels were obtained by mixing 300 µL of each solutions (ELR-Cyclo and ELR-N3) at r.t inside the appropriate mold (diameter: 12 mm; height: 2 mm). After 15 minutes at r.t., the gels were removed from the mold and kept in PBS at r.t. for 15 minutes. Rheological experiments were performed using a strain-con-trolled AR-2000ex rheometer (TA Instruments) with the hydrogel submerged in water. Cylindrical swollen gel samples were placed between parallel plates of nonporous stainless steel (diameter = 12 mm) and the gap between the plates was adjusted using a normal force of 0.2 N in order to prevent slippage. Measurements were carried out at 37°C, with the sample temperature being controlled and maintained using a Peltier device. Three different samples of each kind of hydrogels were measured in shear deformation mode. A dynamic strain sweep (with amplitudes ranging between 0.1 and 20%) was carried out at a frequency of 1 Hz to measure the dynamic shear modulus as a function of strain. Then, dynamic frequency sweep tests were performed to determine the dependence of the dynamic shear modulus and loss factor on frequency.
Results
In this study, we first investigated the suitable culture condition between static and dynamic condition to promote the in vitro pre-vascularization of ELR-hydrogels in terms of endothelial cell organization and cell density (Figure 1) . Once the perfusionculture was shown to promote a superior cord-like organization by endothelial cells, we cultured the SVF cells only in perfusion condition to investigate the role of hydrogel functionalization and architecture in terms of angiogenic potential and host response in a nude rat subcutaneous pocket model (Figure 1 ). 
In vitro culture of ELRs-based constructs
Freshly isolated SVF cells from the three donors used were composed predominantly of mesenchymal stromal cells (46.2 ± 12.8% CD45 -CD73 + CD90 + ), progenitor (9.9 ± 0.9% CD45 -CD31 + CD34 + ) and mature (0.3 ± 0.06% CD45 -CD31 + VEGFR2 + ) endothelial cells, pericytes (6.7 ± 0.7% CD45 -CD34 -CD146 + ), and myeloid cells (11.2 ± 1.3% CD45 + CD11b + ) (Suppl. Fig. 1A-B) .
To investigate the in vitro capacity of pre-vascularization human adipose tissuederived SVF cells were first encapsulated in NF or RR-based ELR hydrogels and then cultured either in static or under perfusion conditions. Following embedding in NF or RR-ELR, the SVF cells were uniformly distributed throughout the entire volume of the constructs in both static and perfusion culture conditions (Fig. 2A) . The cell density quantified at the bottom, center and top region of the constructs was evenly distributed in all experimental conditions. However, the perfusion culture differently affected the number of cells present in the NF and RR-ELR: the cell number significantly increased in the functionalized hydrogel whereas it was considerably reduced in the NF control group (Fig. 2A) . The static culture instead maintained a similar cell density in both NF and RR-ELR ( Fig. 2A) . Scanning electron microscopy confirmed that cell adherence on NF ELR was low: cell morphology was rather round and few connecting cell processes were present (Fig. 2B) . However, in perfusion-based culture few SVF cells displayed a more elongated morphology with a slight increase of the connecting cellular processes. In contrast, most of the cells embedded in RR-ELR completely adhered to the biomaterial, displaying a more elongated, flat morphology and with an increased number of protrusions (Fig 2B) . The effect observed for RR-ELR was further increased when perfusion culture was used: a remarkable organization into flat elongated parallel cells was observed in scattered area of the perfusion channels and numerous filopodia-like structures were observed (Fig. 2B) . 2 ) by image analysis were done for static and perfusion cultured constructs generated either with NF or RR-ELR hydrogels in three different location in order to cover the entire thickness of the engineered tissues: Bottom (B); Center (C); and Top (T) (by image analysis of DAPIstained sections). Scale bar = 100 µm. (B) Scanning electron microscopy images of constructs generated in NF or RR-ELR after culture in static or perfusion at low and high magnifications (scale bars = 30 and 5 µm, respectively). In the static condition, images are representative of the surface of SVF-embedded hydrogels. In the perfusion condition, images from the first two rows (NF and RR) represent cells close to the channels whereas the last row images show the surface of SVF-embedded RRhydrogels.
Immunostaining specific for PECAM-1 (CD31) revealed that endothelial cells were almost exclusively encapsulated as single cells within the NF ELR, whereas in RRhydrogels they formed either only aggregates during static culture or aggregates and elongated cord-like structures in dynamic conditions (Fig. 3A) . Cell clusters in unorganized assemblies of either 3 or 4-5 or more than 5 cells were quantified in RR-ELR-based constructs cultured in both static and dynamic conditions (Fig. 3B) . Cell aggregates in static conditions were composed of only few cells (<5) and preferentially formed close to the edge of the channels (Fig 3B) . However, in perfusion culture the formed cell aggregates were instead larger and present in an equal number proximally or distally of the perfused channels. Solely culture under perfusion conditions supported the organization of CD31 + cells in elongated cord-like structures, which mainly formed distally to the channels (Fig. 3B) . Further analyses of the angiogenic proteome profiles were only performed on the engineered tissues generated under perfusion conditions since the dynamic conditions appeared to promote in vitro cell adhesion and vascular organization.
Perfusion-based culture in NF or RR-ELR significantly affected the profile of proand anti-angiogenic factors released by SVF cells (Fig. 3C) . SVF cells cultured in NF-ELR mostly upregulated (79%) the release of anti-angiogenic factors, including Insulin Growth Factor Binding Protein-3 (IGFBP-3) [32] , prolactin [33] , angiostatin [34] or vasohibin [35] (Fig. 3C) . Only 21% of the upregulated factors in NF ELR are described in the literature to have a pro-angiogenic effect such as Fibroblast Growth Factor (FGF) acidic and Interleukin-8 (IL-8) [36] . On the contrary, SVF cells cultured in functionalized ELR mainly upregulated the release of factors known as pro-angiogenic (70% of the upregulated factors were proangiogenic) (e.g. Monocyte chemoattractant protein-1 (MCP-1) [37] , Insulin Growth Factor Binding Protein-2 (IGFBP-2) [38] , Heparin-binding Epidermal Growth Factor (HB-EGF) [39] , VEGF [40] , Interleukin-1β (IL-1β) [41] , and urokinase-type plasminogen activator (uPA) [42] ). Among all the investigated factors, SVF cells upregulated the expression of proteases, namely Dipeptidyl peptidase-4 (DPPIV) and Matrix Metallopeptidase 9 (MMP-9), and of growth factors, namely Platelet Factor 4 (PF4), persephin, and endothelin-a in both RR and NF closed structure hydrogels (Suppl. Fig. 2 ).
Further quantification by ELISA assay showed that VEGF, one of the most potent angiogenic factors, showed, was mainly released in the supernatant of RR-ELRbased constructs and was not retained in the engineered tissue itself (Fig. 3D) . SVF cultured in NF-ELR appeared not to release a significant amount of VEGF, which was in low amount retained within the construct and not detectable in the supernatant. Engineered tissues generated in perfusion culture were further assessed for their in vivo angiogenic potential. Upon implantation in a subcutaneous pocket in nude rats, blood vessel infiltration at any time point was efficiently blocked by NF-ELR alone or in combination with SVF cells either pre-cultured or freshly encapsulated (Fig. 4A) .
Vessel ingrowth was observed only through the preformed perfusion channels (indicated by c in Fig. 4A ) of the constructs. On the contrary, RR-ELR supported blood vessel infiltration from the earliest time point (3 days) and the constructs were completely invaded by host vascularization following 28 days in vivo. Infiltration of vessels preferentially initiated through the perfusion channels within the constructs and with time spread throughout the entire constructs. Quantification of vessel length density in RR-ELR showed that the presence of SVF cells (either pre-cultured or freshly loaded) significantly enhanced the vessel ingrowth into the implants compared to the cell free (empty) hydrogels at early time point (Fig 4B) . Following 28 days in vivo, implants with not-pre-cultured SVF cells had a higher amount of vessels within the implant.
Figure 4. In vivo angiogenic potential of SVF cell-based ELR constructs. (A)
Representative immunofluorescence images specific for endothelial cells (CD31 + cells) of NF or RR elastin with SVF cultured in perfusion-based bioreactors (SVF pre-culture) or freshly loaded (SVF NO pre-culture). Cell-free ELR hydrogels (empty) were used as a control. All experimental groups were analyzed after 28 days in vivo. The letters E and C indicate the ELR-based construct and the preformed perfusion channels, respectively. The dashed line outlines the perimeter of the implant, whereas the * marks the paper filter, which is located at the bottom of the implant. Scale bar = 100 µm. (B) Quantification of VLD of only RR-ELRs was assessed for constructs generated with SVF pre-cultured (SVF PC) or freshly encapsulated (SVF NPC) and for empty hydrogels (Empty). *** p< 0.0001.
In agreement with the inhibition of vessel ingrowth, NF-ELR based constructs also remarkably reduced the amount of host cell infiltration, which was restricted to the area near the preformed channels (Fig. 5) . The hydrogel was entirely present up to 28 days in vivo. RR-ELR based constructs instead were not visible anymore after 3 days in vivo and they led to a typical foreign body reaction.
At an early time point an inflammatory infiltrate dominated by neutrophilic granulocytes and macrophages was observed both in the contact with the paper filter and the host tissue (Suppl. Fig. 1A-B ; left row; Suppl. Fig. 5B ). Moreover, an inflammatory response was detected within the channels as well. From day 14 on, a cellular granulation tissue developed with a mixed inflammatory infiltrate consisting of neutrophils, lymphocytes, and macrophages (Suppl. Fig. 3A , black arrows in Suppl. Fig. 3B ; central row; Suppl. Fig. 4B ). At 28 days the granulation tissue was replaced by a cellular scar-like tissue with numerous small vessels and scattered residual neutrophils and macrophages (Suppl. Fig. 3A-B ; right row, 3C-D; Suppl. Fig. 4B ). Only small granulomas were detected, which were mainly composed of two macrophages. Immunofluorescence staining for vimentin (fibroblasts) and CD45 allowed for a better distinction between the fibroblasts and the inflammatory cells. After 3 and 14 days in vivo we observed numerous fibrocytes (both vimentin and CD45 positive cells), which decreased at a later time point (Suppl. Fig. 4A ). Representative images of the bottom (in contact with the paper filter) and the top parts of the implants (in direct contact with the host tissue). The * marks the paper filter, which is located at the bottom of the implant. Scale bar = 100 µm.
We also investigated the role of the hydrogel architecture on the infiltration properties of the blood vessels. Indeed, after polymerization, the RR-and NF-ELR resulted to have a different structure: the first one was composed of large openings completely connected to each other (resembling a non-woven sponge), while the second consisted of a dense uniform hydrogel with single unconnected small pores, mostly hosting only single cells (Suppl. Fig. 5A ). Therefore, we added the experimental group of NF-ELR hydrogel polymerized at room instead of ice temperature to obtain the NF hydrogel with an open structure, resembling the one of the RR-ELR. These NF open hydrogels showed an open structure similar to the RR-hydrogels (Fig. 6A ) with void volume higher than 80% and significantly different to the NF hydrogels with a closed structure and void volume lower than 65%. The mechanical properties resulted to be similar in case of RR and NF open ELRs-hydrogels and statistically different from the NF with a closed structure (Suppl. Fig. 6 ). NF with a closed structure showed a statistically significant increase in both the storage (G') and the loss (G'') moduli (Suppl. lower values of tan than NF closed ELRs-hydrogels, which means that these hydrogels possess better elasticity than NF closed ELRs-hydrogels [23] .
Scanning electron microscopy showed that in static culture SVF cells displayed mostly a round shape with few adhesion processes in the open structure NF-hydrogel, similarly to what has been observed in the closed NF ELR (Suppl. Fig. 5B ). However, perfusion culture allowed a better elongation of the cells in the NF with open structure (Suppl. Fig. 5B ) compared to the NF closed ELR (Fig. 2B) . Moreover, SVF cells cultured in NF-ELR with an open structure resulted in having no detectable amount of VEGF contained in the engineered tissue and 22.9±32.4 pg / µg released in the supernatant, which was six-times lower compared to RR-ELR based constructs (Fig.   3D ). The proteome profiler was employed to screen for the 55 soluble angiogenesis released by the SVF cells also following the perfusion-culture in NF open structure hydrogels (Suppl. Fig. 2C ). Only few factors, namely Endothelin-a, IL-8, Serpin E1, and Thrombospondin-1, were slightly upregulated in the SVF-based NF open hydrogels. Although the empty RR-and open structure NF-ELR-based scaffolds had similar pore architecture (Fig. 6A) , the host blood vessels infiltrated these biomaterials in different ways, showing that functionalization plays a key role (Fig. 6B) .
Quantification of vessel length density showed indeed that functionalized hydrogels allowed a statistically superior infiltration of blood vessels (Fig. 6C) . Staining for hematoxylin and eosin of SVF cell-free constructs in either NF with an open structure or RR-ELR hydrogels after 3, 14 or 28 days in vivo. Representative images of the bottom (in contact to the paper filter) and the top parts of the implants (in direct contact with the host tissue). The * marks the paper filter, which is located at the bottom of the implant. Scale bar = 20 µm. Human implanted cells were difficult to detect in the RR-ELR based constructs at alltime points. On the contrary, few SVF cells pre-cultured in NF-ELR were still present after 3 and 28 days in vivo (Fig. 8A-B) . Quantification of human cells showed that there was a significant drop in cell amount from day 3 to 14. A similar amount of cells was found after 14 and 28 days in vivo (Fig. 8C) . 
Discussion
Achieving the control over the vascularization of engineered tissues upon implantation is crucial in order to enhance the therapeutic efficacy of cell-based strategies for regenerative medicine. In our study, we propose the employment of artificial elastinbased extracellular matrices not only as a mere vehicle for cell delivery to the damaged tissue, but also as a key regulator of cellular interactions with different host cells, which can also modulate the vascularization of the implant and its integration into the surrounding native tissues. Moreover, these elastin-based scaffolds have shown a great capacity to adapt and change their properties to match the specific needs of the tissue/organ to be regenerated. Our findings showed that the change of the bioactive properties of the ELR hydrogels can on its own significantly modulate the implant interaction with the host and the vascularization potential of highly angiogenic cells, as adipose tissue-derived SVF. Regardless of the open pore structure of the scaffolds made of RR-gels, the different bioactivities (RGD, REDV and VGVAPG) present in the RR-gels, enhance cell adhesion and trigger the vascularization process due to mainly two basic aspects of the bioactivity of these ELRs. Firstly, the presence of both general cell adhesion sequences (RGD) and specific endothelial cell adhesion sequences (REDV) previously described by Hubbell et al. [43] , which together function as a trigger agent for the adhesion and spreading of the proangiogenic cells. Secondly, the presence of the VGVAPG sequence that is well demonstrated to be chemotactic for monocytes and sensitive to proteolysis by elastolytic enzymes [44] . This sequence promotes a cell guided degradation of the RR-gels by recruitment of monocytes that will help matrix colonization, opening the way to further cells like endothelial cells and fibroblasts as confirmed by the histological images. The number of monocytes and macrophages decreases after host cells colonize and vascularize the scaffold, and they may only be found in few numbers after 28 days.
Freshly isolated SVF cells were reported to possess a superior capacity to generate in vitro microvessels compared to other prevascularization approaches based on the coculture of endothelial cells and either mesenchymal stem cells or perivascular cells [6] .
Compared to static culture, direct perfusion promoted cell adhesion also in NF hydrogels, but boosted cord-like organization only when SVF cells were seeded in RR-ELR gels, and therefore, perfusion was identified as a suitable culture condition to promote the angiogenic potential of SVF and was further investigated in vivo. It was not observed a significant effect on early vascularization between the implantation of constructs generated with cells pre-cultured in perfusion or freshly embedded. These Biomaterial scaffold architecture is known to significantly influence the implant vascularization. Recently, 3D scaffold simulation models were developed to investigate the impact of various design parameters on implant degradation and vascularization [45] . In particular, Mehdizadeh et al. reported that pores with higher interconnectivity and porosity support rapid and extensive angiogenesis. Therefore, in our study NF hydrogel was generated with either a closed or an open structure to investigate the role of interconnected large openings in blood vessel infiltration. The in vivo results showed that superior in vivo infiltration of blood vessels in RR-ELR hydrogels was mainly due to the functionalization and not to the open architecture.
Functionalization with both RGD and REDV further supported the overall cell adhesion and in particular of endothelial cells. [29] . Host cell infiltration was also highly promoted in RR-hydrogel, most likely thanks to their superior elastase sensitiveness. In contrast to RGD and REDV gels, NF ELR not only inhibited cell adhesion and interactions (cells were indeed mostly encapsulated as single unit) but also significantly affected the SVF secretion profile, known to be mostly pro-angiogenic [21] , steering them towards an anti-angiogenic outcome. Angiogenesis indeed was completely inhibited up to 28 days in vivo within NF hydrogels.
Functionalization also resulted in having an important effect on the infiltration of host inflammatory cells within the implants. Subcutaneous implantation in rats deemed in being a suitable proof-of-concept model to test the vascularization and host interaction, the implants being supportive but not directly inducing angiogenesis. Although nude rats were used to avoid an immune response directed towards the human implanted cells, T-cell-deficient animal models still lead to a normal foreign body response to biomaterials [46, 47] . Although SVF cells were reported to play an important antiinflammatory role in tissue regeneration [22] , our findings show how this potential can still be modulated by the functionalization of the hydrogels used to deliver the cells in vivo. Scaffold architecture is also reported to significantly affect the host immune response. In particular, highly porous scaffolds seemed to stimulate less severe immune responses to biomaterials probably because they allowed cell infiltrate and the scaffold digestion [48] . In our study, we found that the open structure and the functionalization allowed an increasing infiltration of host cells with time in vivo and a resorption of the hydrogel without generating a severe foreign body reaction. Although NF hydrogels did not degrade and were not colonized by host cells, no inflammatory reaction was observed around the grafts.
Engineered tissues elicit the host immune response upon implantation and the balance between inflammation and pro-resolution is essential to determine their rejection or successful engraftment [48] . Therefore, successful tissue and organ regeneration/repair based on engineered construct approaches highly depends on the vascularization dynamics of the implant and the immune response and both need to be tailored to the specific application (e.g. highly vascularized or avascular tissues, as myocardium and hyaline cartilage, respectively) and to the inflammatory condition of the recipient site. The here proposed strategy needs to be further validated with a larger number of donors in ad hoc immunocompetent animal models to test the different possible applications (e.g. in ischemic heart or articular cartilage defect models). Our study showed how angiogenesis and host integration of the engineered tissues can easily be controlled by modulating the functionalization of the hydrogel alone. The here proposed strategy could be easily implemented and adapted to the specific type of tissue/organ regeneration further progressing towards a successful regenerative medicine. 
